ABSTRACT -The evaluation of seed vigor through image analysis has been gaining space in quality-control programs due to its easy use, objectivity, and speed. This study aimed at assessing the computer image analysis of seedling as a method for evaluate cottonseed (SVIS ® ), and compare it with tests traditionally employed for the same purpose. The experiments used cottonseeds of the cultivar FM975WS. First germination count, accelerated aging, low-temperature germination, emergence in sand and emergence-in sand speed index, seedling emergence in the field, and computer analysis were used to evaluate the seed vigor. The results showed that performing the computer image analysis with the software SVIS ® is a viable alternative to assess the vigor of cottonseeds.
Introduction
Seed quality is defined as the sum of physical, physiological, genetical, and sanitary attributes, which can guarantee the maximum production of a crop, as long as they are associated with adequate external factors. Thus, obtaining high-quality seeds is essential to integrate the various production steps (Marcos-Filho, 2015a) , and viability and vigor tests are ways to estimate such potential.
The germination test is traditionally used to assess the physiological quality of seeds. However, since the procedure conditions are controlled, it does not always reflect the real potential of the lot in the field. On account of that, vigor tests become a useful complement (Demir et al., 2008; Marcos-Filho, 2015b) .
Conventional tests for evaluating the vigor of seeds are generally time-consuming and subjective at some level (Pinto et al., 2015) . So, the most up-to-date techniques aim at assuring the standardization, precision, objectivity, and reliability of the results (Marcos-Filho et al., 2006) . In that context, computer analyses of images of seedlings have risen as a promising alternative to provide accurate information on the physiological potential of seeds (Chiquito et al., 2012) .
The software Seed Vigor Imaging System (SVIS ® ) P. D. CORRÊA et al. for image processing, developed at Ohio State University, effortlessly delivers fast results. This technology provides vigor and uniformity indices, as well as seedling measurements (Hoffmaster et al., 2005) . Also, the time taken to obtain specific vigor parameters, such as seedling length, is considerably shorter than that necessary when the evaluation is conducted manually. Differences in vigor are supposed to be assessed on the date specified for conducting the first germination count . Nevertheless, in many species, such evaluation is performed before the due time. So, since the software performance is sensitive to such differences, it is a better alternative for spotting them. Other advantages of this system include the elimination of subjectivity posed by manual analysis, the increase of reliability of the results as comparative tools, and the possibility of saving the images for further studies .
After performing some adaptations, Hoffmaster et al. (2003) successfully employed the software SVIS ® to investigate the vigor of soybean seeds. Alvarenga and Marcos-Filho (2014) , in their turn, were able to identify differences in cottonseed vigor during storage. The efficiency of this system was also proved for several other species, including peanuts (Marchi et al., 2011; Barbosa et al., 2016) , super sweet corn (Alvarenga et al., 2012) , wheat (Silva et al., 2012) , beans , soybeans (Wendt et al., 2014) , sunflower (Rocha et al., 2015) , and sorghum (Javorski et al., 2018) . When evaluating lots of sweet corn after their physiological conditioning, Gomes observed a relation with other typically used tests. The software was also used successfully for gauging the length of corn seedling roots (Dias et al., 2015) .
On that account, this work aimed at analyzing the method of computer image analysis of seedlings, by utilizing the software Seed Vigor Imaging System (SVIS ® ). Then, the results were used to establish a relationship between this technique and other usual tests for assessing the vigor of cottonseeds.
Material and Methods
The study was carried out in the laboratories of Seed Analysis and Image Analysis, both belonging to the Department of Plant Production, at Escola Superior de Agricultura "Luiz de Queiroz" (ESALQ) of Universidade de São Paulo (USP), based in Piracicaba, Brazilian state of São Paulo (SP).
Cottonseeds from ten lots of the cultivar FM975WS were used. The seeds were provided by the company Bayer CropScience, which had already treated them with the insecticide CropStar ® (imidacloprid and thiodicarb) and the fungicides Dynasty ® (azoxystrobin, metalaxyl-M, and fludoxonil), Monceren 250 SC ® (Pencycuron), and Baytan SC ® (triadimenol), at the usual commercial dosages for cottonseeds. A polymer (Peridiam ® ) and a drying powder (Talkum Gloss ® ) were also applied for coating the seeds. The seeds were packed in paper Kraft packaging and stored for six months in a controlled environment, with a temperature of 10 ± 1 °C and air relative humidity of 30%. The evaluations were conducted in two temporally separated sets of trials: one performed right after the seeds arrived at the laboratory, and another carried out by the end of the storage period.
Water content was determined in both groups of experiment and after the accelerated aging test. To do so, samples of about 4 g from each lot were placed in an oven at 105 ± 3 °C for 24 h, as recommended by Regras para Análise de Sementes (Brasil, 2009) . The experiment was performed with two replications, and the results were expressed as percentage (wet basis).
For the computer image analysis of seedlings, seeds were arranged on the upper-third of a germitest paper. A total of 200 seeds was used, which were divided into 10 replications of 20 seeds, distributed in two rows. The paper rolls were kept inside a germinator at a constant temperature of 25 ºC, and the evaluation was conducted on the third day after sowing. Then, all seedlings and ungerminated seeds were placed on a blackcolored paper sheet, which acted as a contrasting background to make seedling characteristics more prominent for capturing the images. Next, the seedlings were scanned with an HP Scanjet 2410 ® device, operated by the software Photosmart ® , with a 100-dpi resolution. This scanner had been placed inside an aluminum box (dimensioned 60 x 50 x 12 cm) in an inverted orientation. The images produced were appraised with the software Seed Vigor Imaging System (SVIS ® ), thus obtaining the mean values of the indices of vigor and growth uniformity of each lot (Hoffmaster et al., 2005) . The data were converted from pixels to centimeters to measure seedling length.
For seedling analysis, the software settings were adjusted considering a combination of growth parameters (70% contribution) and seedling uniformity (30% contribution).
Simultaneously to the computer analysis of seedlings, determinations of water content, germination and vigor were also conducted. In all these tests, four replications of 50 seeds per lots were used.
Germination and first germination count: they were carried out on a germitest paper roll, moistened at the proportion of 2.5 mL of distilled water per 1 g of substrate, and then kept in a germinator at a constant temperature of 25 ºC. The first germination count was performed on the fourth day, and the final count on the twelfth day after sowing, thus taking into account the percentage of normal seedlings, as suggested by Brasil (2009) .
Low-temperature germination: the test was conducted as aforementioned, but at 18 ºC instead. The evaluation was performed seven days after sowing, considering as normal those seedlings with the root-hypocotyl axis equal to or bigger than four centimeters (Baalbaki et al., 2009 ). The results were expressed as percentage of normal seedlings. Accelerated aging: plastic boxes (dimensioned 11.0 x 11.0 x 3.0 cm) were employed as individual compartments (mini-chambers). They had an internal prop supporting a metallic screen, on top of which the seeds were spread in a single layer. The bottom of the boxes, below the screen, was filled with 40 mL of water. Then, they were covered and placed inside a BOD chamber at 41 ºC for 48 h (Miguel et al., 2001) . After this period, the germination test was performed and assessed on the fourth day after sowing, as previously described.
Seedling emergence in sand and emergence speed index: the seeds were arranged on a 6-cm layer of medium-textured sand, placed inside plastic boxes (dimensioned 32 x 28 x 10 cm). After sowing, they were covered with 3 cm of sand moistened with 60% the retention capacity of the substrate, and the boxes were kept in a greenhouse. The evaluations were conducted daily, by registering the number of emerged seedlings in each lot until the fourteenth day after sowing, when the mean percentage of seedling emerged of each lot was determined. For obtaining the seedling emergence speed index, the equation proposed by Maguire (1962) was used.
Seedling emergence in the field: seeds of each lot were planted at approximately 3 cm depth, in 0.5 m spaced 2 m length lines, and then covered with dirt. The evaluation was carried out on the fourteenth day after sowing, when the number of emerged seedlings was counted. The criterion used was the complete expansion of the cotyledonary leaves. The results were expressed as the percentage of seedlings emerged per lot (Nakagawa, 1999) .
Germination, traditional vigor tests, and computer image analysis of seedlings (SVIS ® ) were performed according to a completely randomized design; whereas the seedling emergence in the field adopted a randomized block design. The resulting data were subjected to analysis of variance, and the means were compared by the Scott-Knott test at a 5% probability level. The data were statistically appraised considering each set of trials, by using the software SISVAR ® .
Results and Discussion
The seeds showed an initial water content between 6.7 and 7.4%, and after the accelerated aging process these values raised to 19.1 to 21.9%. Therefore, the water content probably did not affect seed behavior during the tests, once the variation among lots was little significant, meaning that the seeds absorbed water at similar speed. Table 1 presents the results of all tests conducted during the first trials. According to the germination outcomes, the lots were statistically sorted into four categories. Lots 2, 3, 4, and 7 produced the highest percentages of normal seedlings, whereas lot 9 showed the lowest values. Once the standard required for cottonseed commercialization is at least 75% germination, lots 9 and 11 are not suitable. As for the first germination count, a significant difference was noticed between the lots, similarly to what was observed in the germination test (Table 1 ). The lots with the highest percentages also showed the best performances in an environment with favorable controlled conditions, which made it difficult to separate them into levels of vigor. The first count is based on the principle that the higher the germination percentage by the fourth day after sowing, the more vigorous the lot. It is a fast, yet relevant test, once seedling uniformity and emergence speed are the most important features within the current concept of seed vigor (Marcos-Filho, 2015a) .
Concerning the accelerated aging test, lots 2, 3, 4, 6, and 7 (Table 1) had the best performances, while lots 8, 9, 11, and 13 delivered the worst results. This test is highly efficient in sorting cottonseed lots, as also verified by Alvarenga and Marcos-Filho (2014) .
In the germination test at low temperature (18 °C), lots 2, 3, 4, 6, and 7 showed the highest percentages of normal seedlings. Lot 8 was intermediary, and lots 9, 10, 11, and 13 presented the lowest values (Table 1) . Thus, these results are in agreement with those of the first germination count and accelerated aging tests.
No significant differences were observed in the test of seedling emergence in sand (Table 1) . Differently, the seedling emergence speed index detected a significant difference among the lots, following the same pattern as the aforementioned tests: lots 2, 3, 4, 6, and 7 exhibited the highest vigor; while lots 8, 9, 10, 11, and 13 showed the lowest (Table 1) .
Seedling emergence in the field, likewise the results of the emergence speed index, sorted the lots into two performance groups. The first one, including lots 2, 3, 4, 6, and 7, showed the highest percentages of emerged seedlings; and the other, including the lots 8, 9, 10, 11, and 13, registered the lowest values (Table 1) .
A similarity was observed among the groups sorted out by the vigor tests. In general, lots 2, 3, 4, 6, and 7 had the best performances, even though lot 6 got intermediary results in the germination and first germination count tests. Lots 8, 9, 10, 11, and 13 showed some differences among the vigor trials used, but their outcomes were always inferior to the others (Table 1) .
It is worth remarking that, despite the relation observed among the vigor tests employed in this study, each one of them analyzes different aspects related to seed vigor. So, not always are the lots arranged in the same qualitative order ). In fact, as the number of tests and lots increase, the more difficult their interpretation becomes. Table 1 also contains the findings of the computer analysis of seedlings. Regarding their length, lot 7 exhibited the best outcome, followed by lots 2, 3, 4, and 6. On the other hand, seedlings of these lots were longer than those of lots 8, 11, and 13; while lots 9 and 10 produced the shortest ones. As for the vigor index, lot 7 also had the best performance. Lots 2, 3, 4, 6, and 13 showed intermediate values, and the lowest indices were observed in lots 8, 9, 10, and 11 (Table 1) .
The seedling growth uniformity index (Table 1) made it possible to distinguish two groups. Besides, seedling emergence in the field and emergence speed index also showed similar behavior to the uniformity index. Such an index is essential to assess the vigor of seeds because it evaluates the capacity of seedlings of developing evenly ). This quality is highly desirable for obtaining uniform stands in the field, so the maximum productive potential of crops can be reached. Table 2 presents the results for the second trials. In this case, the water content of the seeds ranged from 6.2 to 6.8% and, after the accelerated aging test, these values raised to 17.7 to 20,1%. So, as in the first trials, there was little variation in the water content of the lots (less than 2.5% in both cases), which implies that the results are accurate.
The germination test statistically separated the lots into three groups: lots 2, 3, 4, 6, and 7 presented the highest percentages of normal seedlings; lots 8, 9, 10, and 13 displayed an intermediate behavior; and lot 11 showed the lowest value (Table 4) . Once considered that the standard for cottonseed commercialization requires minimum germination of 75%, only lots 2, 3, 4, 6, and 7 are suitable for this purpose.
Lots showed significant differences in all traditional vigor test performed. In general, the outcomes were similar to those obtained in the first trials (Table 1) .
The results of the first germination count essentially produced the same stratification scheme as of the germination analysis. The only exceptions were lots 9 and 13, which presented an intermediate percentage of normal seedlings in the latter test, and a low value in the former ( Table 2) .
The accelerated aging test sorted the lots into four groups of vigor. Lots 2, 3, and 7 got the highest percentages of normal seedlings, followed by lots 4 and 6. In their turn, lots 8, 9, 10, 11, and 13 had the lowest performance rates, with germination after accelerated aging lower than 40% ( Table 2) .
As for the low-temperature germination, lots 2, 3, and 4 had the best performance, while lot 8 had the worst. The other ones placed intermediary ( Table 2) .
The emergence-in-sand test identified only two levels. The best-performing group included lots 2, 3, 4, 6, 7, and 8; while the remaining were considered as low vigored. The experiments of seedling emergence in the field and emergence speed index resulted in a classification similar to the one produced from the seedling emergence in sand, except for the fact that lot 8 was included in the low-performing group (Table 2) . In the first trials, seedling emergence in sand did not sort the lots. However, in the second moment, lots 9, 10, 11, and 13 showed low performance. For the variables seedling emergence in the field and emergence speed index, the same lot classification was obtained in both sets of trials. Table 2 also contains the findings from the computer image analysis of the seedlings. According to them, the lots could be classified in three groups of vigor, based on seedling length and vigor index: lots 2, 3, 4, and 7 had the best performance, lot 6 placed intermediary, and the remaining showed the worst results.
The uniformity index in this set of evaluations showed similar behavior among all lots ( Table 2 ). The same outcome was not observed during the first analyses (Table 1) .
It was possible to infer that, in the second set of trials, the computer image analysis of cotton seedlings appraised the vigor of seeds as effectively as other tests traditionally used for the same purpose. Marcos-Filho (2015b) also observed that the indices of vigor, uniformity and seedling length are compatible with the conventional tests employed to analyze the vigor of seed lots.
Computer image analysis is a useful method for quality control programs. In this sense, using the software SVIS ® reduces both the time consumed and the subjectivity of the seedling length analysis. Also, it provides data on the vigor index and uniformity of seedlings, which might help to obtain more consistent conclusions regarding seed lots.
Conclusions
For analyzing computer images of seedlings, the software Seed Vigor Imaging System (SVIS ® ) is an alternative tool to assess the vigor of cottonseeds. Also, there are similarities between this method and others that are traditionally used for the same purpose.
